Synthesis of Self-Pillared Zeolite Nanosheets by Repetitive Branching Z eolites with structural features as small as the size of a unit cell (e.g., 1 to 5 nm), including those with lamellar structure (1) (2) (3) (4) , can be used as building blocks for thin films (5) (6) (7) . Additionally, hierarchical adsorbents and catalysts constructed by introducing mesopores between the zeolitic domains allow access of bulkier molecules often encountered in oil and biomass processing (8, 9) . Methods for the preparation of mesoporous zeolites involve multifunctional structure-directing agents (SDAs) and/or postsynthesis processing, such as pillaring or desilication/dealumination (8, (10) (11) (12) . Crystal growth by repetitive branching of layers can constitute a simple, low-cost approach for bottom-up synthesis of hierarchical zeolites and pillared materials. Although branching (by twinning, rotational intergrowths, or polytypic overgrowths) has been used to design nanostructures (13, 14) , it has not been explored for the formation of pillared zeolites. Among several candidates of epitaxially and rotationally overgrown zeolites [e.g., MFI/MEL (15) , EMT/FAU (16), ETS-4/ETS-10 (17), CAN/SOD (18) , MFI (19) , and CHA (20) ], we focus on exploring the 90°rotational intergrowths (or twins) of the MFI framework [which contains sinusoidal 10-member ring (10-MR) channels along the a axis, interconnected with straight 10-MR channels along the b axis] motivated by the prominence of the corresponding aluminosilicate (called ZSM-5) as a catalyst in chemical processing. Such an approach uses a single, simple, and relatively inexpensive SDA. Here, we demonstrate the one-step synthesis of a hierarchical self-pillared zeolite composed of orthogonally connected single-unit cell lamellae (2 nm thick) resembling a house-of-cards construction (21) .
We decided to explore tetrabutylphosphonium (TBP)-silica and tetrabutylammonium (TBA)-silica sols, which are known to yield MFI as well as mixtures of MFI with the related structure MEL (which contains straight 10-MR channels along the a axis, interconnected with straight 10-MR channels along the b axis) (7, 22) . Figure  1A shows particles obtained after 3 hours at 388 K starting from a clear sol with composition 1SiO 2 :0.3TBPOH:10H 2 O:4EtOH (23) (TBPOH, tetrabutylphosphonium hydroxide; EtOH, ethyl alcohol). Figure 1B shows a high-resolution transmission electron microscopy (HRTEM) image along with the corresponding fast Fourier transform (FFT) confirming that the particles are MFI plates, thin along the b axis. Their thickness was determined by atomic force microscopy (AFM) (fig. S1) to be~2 nm (i.e., a unit cell along the b axis), thinner than previously reported lamellae made by exfoliation (24) . With further heat treatment, the lamellae became intergrown. After 40 hours at 388 K, the product contained crystalline particles with size varying between 100 and 200 nm ( Fig. 2A) . HRTEM images (Fig. 2B) showed that the particles consist of crystalline zeolite lamellae with a layer thickness of 2 nm. Remarkably, the zeolite lamellae are intergrown in a house-of-cards arrangement (i.e., with the lamellae arranged perpendicular to each other) to define pores between them. TEM images, taken after calcination in air at 823 K for 12 hours, do not reveal any change in the house-of-cards arrangement (Fig. 2C) . The pores as well as the connectivity of the lamellae can also be seen by low-voltage scanning electron microscopy (SEM) from calcined samples (Fig. 2, D and E) .
To further probe their internal structure, we embedded the calcined particles in polystyrene and studied thin sections by TEM. Intermittent lattice fringes, as shown in Fig. 2F , provide evidence for pores between adjacent lamellae penetrating throughout the particles. Further TEM imaging and FFT analysis (Fig. 3A) indicated that the thin dimension (~2 nm) of the lamellae is along the b axis of MFI and that the lamellae are longer along the c axis and shorter (~100 nm) along the a axis. Additional synthesis and characterization (figs. S2 and S3) show that the selfpillared zeolite can be prepared in a range of conditions that allow manipulation of composition and particle size (supplementary text).
Two plausible models for the local structure of the intergrown lamellae are shown in the 29 JUNE 2012 VOL 336 SCIENCE www.sciencemag.org insets of Fig. 3B . According to these idealized fragment models, single-unit cell MFI lamellae (with thickness of one unit cell along the b axis of the MFI structure) are intergrown with their 90°twins or rotational intergrowths having a common c axis. In one of the idealized models, we hypothesize that the twins are connected through a needle of MEL (1 × 1 unit cell across and elongated along the c axis). The MEL connection runs through the entire interface of the MFI twins, ensuring full connectivity. There are 12 different ways to make the idealized connection; one of these is shown in the lower inset of Fig. 3B  (see fig. S4 for the others). In the actual material, looser connections are possible (as depicted schematically in fig. S5 , A to C), with partial overlay of the MFI lamellae. An idealized fragment with no connection between the MFI lamellae is also shown in the upper inset of Fig.  3B . TEM images from particles at an early stage of intergrowth (fig. S5, D and E) provide evidence for the presence of single-unit cell outgrowths emerging from the MFI plates. MEL/MFI intergrowths when using TBA and TBP ions have been reported before (15, 25) , and twining or rotational intergrowths are well known in MFI crystals. However, they were not associated with single-unit cell lamellae formation or with repetitive branching to create a hierarchical zeolite. The tetrabutyl SDA, which is stable at crystal growth conditions and is incorporated intact in the framework ( fig. S6 ), appears to be an important contributor to the anisotropic growth giving rise to the single-unit cell lamellae. In the range of MFI and MEL reflections, the simulated powder x-ray diffraction (XRD) pattern of both fragment models, obtained using UDSKIP (23) , are in good agreement with the experimental data (Fig. 3B) . At lower angles, the simulation shows broad reflections (similar for both fragments) due to the small dimensions of the fragment model. As expected, these reflections are absent from the experimental diffraction pattern of the 100-to 200-nm crystals because even though they consist of numerous interconnected fragments, they preserve their crystallographic alignment (longrange order) due to the ordered branching growth mechanism. Because the new material could be an MFI/MEL intergrowth, we refer to it as selfpillared pentasil (SPP) zeolite, although it consists mostly of MFI with MEL being present, if at all, at the branching points.
We carried out the exfoliation procedure developed by Maheshwari et al. (26) on the assynthesized material. As shown in fig. S7 , it is possible to obtain individual lamellae. The highresolution TEM image from one isolated lamella ( fig. S7B ) further confirms that the thickness of the lamellae is 2 nm. The exfoliated lamellar zeolites can be potentially used as building units for selective membranes according to the procedure recently reported in (24) .
To explore the catalytic properties of SPP zeolites, we incorporated Al in the framework ( fig. S8 ) at two different ratios of Si/Al: 253 and 75, both of which required the addition of NaOH (23) . Synthesis in the presence of sodium and aluminum did not prevent branching and self-pillaring, as clearly seen by TEM imaging (fig. S8, A and B) . Argon adsorption isotherms at 87.3 K and pore size analysis are given in figs. S10 to S12. The cumulative pore volume plots calculated from nonlocal density functional theory (NLDFT) (27) over the complete pore size range are shown in Fig. 3C and indicate the presence of micro-and mesoporosity in the SPP samples. The pore size distributions plotted up to 10 nm (Fig. 3D) indicate micropores centered around 0.522 nm, typical of MFI and MEL, and a broad distribution of mesopores (from~2 to 7 nm) for both the silica and aluminosilicate SPP, in good agreement with the TEM and SEM images.
The catalytic properties of SPP were compared with those of pillared MFI (3), three-dimensionally ordered mesoporous-imprinted (3DOm-i) MFI, and three conventional MFI catalysts with different crystal size (17, 1.4, and 0.2 mm) (23). The Brønsted acid site concentrations of all zeolites, including that of the aluminosilicate SPP, were determined by chemical titration methods (28) and were found to agree well with those expected from the Si/Al ratio from elemental analysis (table S1). The fraction of acid sites present at the external surface was determined for each catalyst by means of a titrant molecule, 2,6-di-tert-butylpyridine (DTBP), that cannot enter the zeolite pores. The results were in good agreement with the values expected from the external surface areas of the corresponding catalysts (9) (table S1). Specifically, 30% and 45% of the acid sites in pillared MFI and SPP, respectively, are sites that are accessible by a molecule that cannot enter the micropores; for a micrometer-sized crystal, this fraction is~2%. As a result of the increase in number of accessible acid sites, the pseudo-first-order rate constant for the liquidphase alkylation of mesitylene (a molecule that is effectively excluded from the zeolite micropores) by benzyl alcohol was found to vary by more than two orders of magnitude ( fig. S14 and table S2, column 2). However, when normalized per external acid site, the rate constant was found to be nearly invariant across all samples tested ( Fig. 4A and table S2, column 3) ; this shows that the reactivity of external acid sites is similar among all samples tested, despite the different morphologies and synthesis conditions. MFI lamellae are unique among the available aluminosilicate zeolite lamellae because they have pores that run across the lamella thickness (3). The nanometer-scale diffusion lengths of pillared MFI and SPP allow for fast transport even for molecules with small micropore diffusivity. In this respect, pillared MFI and SPP are valuable model materials for the quantitative assessment of diffusion limitations and intrinsic kinetics. The self-etherification of benzyl alcohol in the presence of DTBP (used in order to deactivate the external sites) was considered as an example. The plot of the effectiveness factor versus the Thiele modulus shows excellent agreement with the experimental data (23, 29) , from which it can be concluded that Brønsted acid sites in the micropores of SPP and pillared MFI have reactivity similar to those in conventional and nanocrystalline MFI, and that the observed differences in apparent reaction rates can be fully accounted for by diffusion limitations. A comparison of effectiveness factors with that of a commercially available ZSM-5 catalyst (dashed line in Fig. 4B ) reveals that 3DOm-i, pillared MFI, and SPP catalysts exhibit higher apparent reaction rates. Improved behavior of pillared MFI and SPP was also established in other reactions. For example, etherification of 5-hydroxymethyl-2-furaldehyde (HMF) to 5,5′-oxy(bismethylene)-2-furaldehyde (OBMF) proceeds to completion, whereas commercial ZSM-5 suffers from deactivation (Fig. 4C) . Because OBMF is a desirable biobased intermediate (30) , this finding underscores the potential of single-unit cell layers in applications beyond petrochemical processing.
Branching of zeolite nanometer-sized lamellae, through repetitive twinning or other intergrowth processes, is a new low-cost approach toward hierarchical materials with interconnected micropores and mesopores. It is in principle applicable to all zeolite structures that can (i) be grown anisotropically as thin layers and (ii) can support branching at certain acute angles (supplementary text and fig. S16 ).
